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ABSTRACT: The predatory lsopod Cirolana imposita (Barnard) inhabits kelp holdfasts off the west coast of southern Africa. Its 
energy contribution to kelp-bed communities was estimated. Annual production and standlng crop were 2229 and 394 kJ m-2 y-', 
respect~vely (P/B = 5.56). Consumption (9899), defaecation (976) and respiration (1822) rates (kJ m-' y-') were estimated 
experimentally and thelr relationships analyzed. The ratios between the various rates of energy transfer were used to 
characterize the physiological and ecological properties of the population. Assimilation efficiency ranged from 88-98 % on a 
natural diet of syllid polychaetes, while gross growth efficiency, net growth efficiency and P/R were calculated as 15-26 %, 55 % 
and 1.02, respectively. The ecological implications of the high assimilation efficiency and low metabolic rates combined with the 
vanous energy transfer components are discussed in relation to other members of the kelp-bed community. Although C. imposita 
biomass is less than half that of the commercially exploited rock-lobster Jasus lalandi~, its energy-flow contnbution to the 
community is estimated to be 5 times as great as the lobster's. 

INTRODUCTION 

Energy flow is one measure of the relative import- 
ance of components of an  ecosystem. Energy flow need 
not be a limiting factor, nor is it necessarily the most 
important property of a population, as Kuenzler (1961) 
demonstrated in a mussel population which was more 
important as a phosphorus depositer than as an  energy 
transferer. Nevertheless, energy flow is a fundamental 
dynamic property of ecosystems and most biological 
processes can, with reasonable convenience, be ex- 
pressed in energy units. 

This study was undertaken to assess the importance 
of an  easily overlooked population of small Crustacea, 
compared with large obvious animals such as the rock 
lobster Jasus lalandii which is commercially exploited. 
The study area, a kelp-bed off the Cape Peninsula, 
South Africa, has been the site of community and 
ecosystem studies (Field et  al., 1977; Velimirov et al., 
1977; Field et al., in press) and several other compo- 
nent populations are subjects of continuing research. 
The population dynamics of Cirolana imposita (Bar- 
nard) are reported separately (Shafir and Field, in 
press); they show that two cohorts are produced annu- 
ally and that most, if not all, females reproduce only 
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once while males live longer reaching a maximum 
lifespan of 2 years. 

The literature contains a number of reports on the 
energetics of marine and freshwater primary-consumer 
invertebrates, exemplified by the studies of Richman 
(1958), Hughes (1970), Soldatova (1970), Paine (1971), 
Newel1 et  al. (1977), Walz (1978), Griffiths and King 
(1979) and many others. Among primary-consumer 
isopods, studies have been carried out on: Idotea 
baltica and Sphaerorna pulchellurn (Tsikhon-Lukania 
and Lukasteva, 1970), Tylos punctatus (Hayes, 1974), 
Asellus aquaticus (Prus, 1971, 1976) and Asellus 
racovitzai (Swiss and Johnson, 1976). The only 
detailed studies on energy flow in marine carnivores 
have been those by Paine (1965) on the opisthobranch 
mollusc Navanus i n e m i s ,  Lasker (1966) on the zoo- 
plankter Euphausiapacifica, Shushkina et al. (1968) on 
Macrocyclops albidus, Sameoto (1972) on Sagitta ele- 
gans, Johnson (1976) on the intertidal isopod Cirolana 
harfordi, and Clarke (1979) on the Antarctic isopod 
Glyptonotus antarcticus. 

The carnivorous family Cirolanidae is universally 
common on sandy beaches (Dahl, 1952, Johnson, 1976) 
but few species of the genus Cirolana have been 
reported to live predominantly on hard substrates sub- 
tidally (Jones, 1976). Cirolana irnposita is found along 
the South African coast at depths from 2-200 m (B. 
Kensley, pers. comm.), and it is the commonest isopod 
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found living in free space between the haptera of kelp 
holdfasts attached to rock on the west coast of South 
Africa (Shafir and Field, in press). Unfortunately the 
potential status of C. imposita as a top carnivore is still 
uncertain; it has not been identified in the gut contents 
of any potential predators nor have any animals been 
observed preying upon this isopod. 

In this paper the conventional approach of energy 
flow analysis, based on the IBP formulation 
(C = P + R + F + U), enables a check to be kept on 
energy partitioning within a population. Thus effi- 
ciency of energy turnover and the contribution of this 
particular population to the community are assessed. 

MATERIALS AND METHODS 

Sampling 

The study area at Oudekraal (34"001 S, 18"211 E) was 
confined to a kelp bed on a rock substrate at 12-16 m 
depth (Fig. 1). Sampling units consisting of Laminaria 
pallida holdfasts were collected by SCUBA diving and 
placed in separate plastic bags underwater after 
detaching them from the rock surface with a wide 
metal paint-scraper. In the laboratory the isopods were 
removed from holdfasts and their flattened body length 
measured from the telson tip to the anterior cephalon 
border. Measurements were made to the nearest mil- 
limeter under a binocular microscope. Specimens were 

grouped, sexed and the developmental state of the 
broods of ovigerous females was noted. 

Preliminary observations, including plankton tows 
and clearing rock surfaces at different times of the day 
and night, established that Cirolana imposita is 
restricted to kelp holdfasts at the study site. 

Laboratory Measurements 

All the components of an energy budget are ex- 
pressed in terms of calories or joules per unit time (1 
kcal = 4.18 kJ). The calorific values for Cirolana 
imposita and for species of the polychaete genus SylIis 
(the food used in laboratory experiments) were deter- 
mined with a Phillipson ballistic microbomb calorime- 
ter following procedures outlined in the Gentry Instru- 
ments Inc. Manual. The samples were dried for 72 h at 
60 "C and then ground in a mill. This material was then 
dried at 60 'C for 24 h until ignited in the bomb. Sam- 
ple weights ranged from 5-15 mg for each determina- 
tion. Duplicate samples were heated in a muffle fur- 
nace for 4 h at 500 "C, and the ash residue was com- 
pared to that left in the bomb as a check on complete 
combustion. When the ash content exceeded 30 %, 
corrections for calcium endothermy were applied 
(Paine, 1966). 

Continuous changes in the proportion of ovigerous 
females in the population (Shafir and Field, in press) 
necessitated calculating length-weight regression 
curves periodically; 30-50 isopods were sub-sampled 
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and measured on alternate months. Wet, dry and ash- by weighing prey and remnants each day (blotted for 
free dry weight (AFDW) were determined while par- 2 min to rehove excess water before weighing on a 
allel sub-samples were treated with concentrated HC1 Mettler H20T balance). Faeces were separated from 
(diluted 1:3) in order to decalcify them to give acidified food using a dissecting microscope. 
dry weight. All separate and combined length-weight The formula of Klekowski and Duncan (1975) was 
curves were fitted using least square regressions. applied: 

Production and Standing Crop 

Production is calculated as the sum of energy pro- 
duced as somatic tissue (Pg) and reproductive material 
(Pr). Population production was calculated by the 
Allen curve method using slight smoothing modifica- 
tions introduced by Peer (1970). Separate regressions 
for mortality and growth were fitted to data on num- 
bers and mean weight (mg AFDW) respectively, 
against time. A smoothed Allen curve was constructed 
by reading points from the regressions at regular time 
intervals. Composite growth curves (Shafir and Field, 
in press) were used for the derivation of mean weight, 
and Allen curves were constructed by plotting the 
decreasing numbers (N) against mean weight per indi- 
vidual of each cohort (E), on the first day of every 
month (Shafir, 1978). Production (Pg + Pr) is given by 
the areas under the Allen curves. Reproductive effort 
was estimated independently as the product of the 
average fecundity per female (Shafir and Field, in 
press) and the average numbers of females with broods 
approaching release, in each monthly sample. Stand- 
ing crop estimates were derived from the Allen curves 
by multiplying N by W each month. 

Consumption, Egestion and Assimilation 

Examination of gut contents revealed that the main 
natural food items were polychaete worms of the fam- 
ily Syllidae. This was confirmed by preliminary feed- 
ing experiments. No feeding experiments were poss- 
ible in the field owing to concealment of Cirolana 
irnposita and its prey in the kelp holdfasts. Feeding 
experiments were carried out in the laboratory for 
periods of at least 50 d (t "C = 13.1 ? 1.3 S.D.; S %O = 

35.8 + 0.9; pH = 7.96 + 0.15). Isopods were starved 
for 5 weeks before feeding in constant water flow 
compartments, each containing 7-10 individuals of 
one size-class. 

Food rations (syllid polychaetes) were at least dou- 
ble the amount eaten per day to avoid competition for 
food. Every week fresh food was added and all food 
remains and exuvia found were removed. Two com- 
partments, one containing only unfed Cirolana impo- 
sita and, the other containing only syllids, served as 
controls. The amount of food consumed was recorded 

where C = food consumption; f = food offered; f, = 

food not eaten; t = experimental time of measured 
feeding irrespective of feeding cycle; N = numbers of 
consumer. The rate of food consumption was expressed 
as mg ash-free dry weight per 24 h for each size class of 
the population. 

Defaecation rates were measured in two separate 
sets of experiments. While consumption was recorded 
faecal pellets were removed every second day. This 
operation did not affect food in the compartments due 
to the feeding habits of the isopods. The animals bolted 
down whole or large portions of syllids, thus the 
remains of the prey were easily distinguishable from 
the faecal pellets. In a second experiment, recently fed 
isopods were placed in 40 m1 Petri dishes containing 
filtered sea water (4 isopods of one size class in each 
dish). During the course of the experiment the isopods 
were not fed in order to determine the time for com- 
plete gut clearance (t,J. Two dishes containing filtered 
sea water only were used as controls. Every second day 
the water was filtered using G.F.C.filter paper after 
which fresh filtered sea water was added. The filters 
were rinsed with an isoosmotic solution of ammonium 
formate (990 milliosmole) to remove salt, and dried in a 
drying oven at 60 "C for 12 h. Dry and ash-free dry 
weight were determined using a Mettler M30 electron- 
ic microbalance and ashing in a muffle furnace (450 "C 
for 2 h). The rate of faeces production is expressed as 
mg ash-free dry weight per 24 h. 

Assimilation efficiency was calculated by two 
methods, the wellknown Conover ratio (Conover, 
1966) and a gravimetric method. The advantage of the 
Conover ratio method is that quantitative recovery of 
faeces is not required; a disadvantage is the assump- 
tion that only the organic fraction of food is absorbed. 
Several workers have queried this assumption (e. g. 
Prus, 1971; Tsikhon-Lukanina et al., 1968; hence a 
gravimetric method was also applied: 

where C = energy content of food ingested (kJ d-l); F 
= energy content of faeces egested (kJ d-l); A = 

assimilation efficiency (%). Data for these calculations 
were obtained from the feeding and egestion experi- 
ments. 
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Gross growth efficiency (Richman, 1958) defined as 
growth/ingestion (K,) was measured in the laboratory 
and checked by similar calculations obtained indi- 
rectly from field data. Groups of 4-6, 7-10, and 
10-12 mm Cirolana imposita were fed measured quan- 
tities of syllids for 3 months. The average increase in 
weight per isopod was noted at the end of the experi- 
ment. 

where: A W = increase in weight on termination of 
experiment; C = amount of food consumed during the 
course of the experiment. 

Respiration 

The population respiration of Cirolana imposita was 
estimated over a year. Every third month holdfasts 
were collected and transferred to the laboratory in 
sealed plastic bags after recording the temperature on 
the sea bed. Specimens covering the whole size range 
of the population were placed in the experimental 
vessels of a Gilson differential respirometer within 2 h 
of sampling. The guts of the isopods were checked to 
be full in order to rule out any differences that may 
result from previous feeding variations (Newell, 1979). 

Isopods were acclimatized to ambient sea tempera- 
ture for 12-16 h to minimize the effects of handling and 
temperature changes during transfer to the laboratory, 
factors to which Newel1 (1979) attributes elevated oxy- 
gen consumption, even in the absence of locomotory 
activity. 

In the respirometer, measurements of oxygen con- 
sumption were carried out for periods lasting 28-32 h, 
using flasks with a central well containing 0.2 m1 10 % 
KOH and a scroll of filter paper to increase the surface 
area for CO2 absorption. A further flask containing 
KOH but not isopods was used as a control. Readings 
were taken at 1 h intervals. A total of 11-22 specimens 
were used in each experiment. S. T. P. correction 
factors were calculated for each separate experiment. 
On termination of the experiment specimens were 

measured. Lognog regressions of oxygen consumption 
versus ash-free dry weight were calculated by the least 
squares method. All possible paired combinations 
were compared using a t test for the difference be- 
tween two regression coefficients (Simpson et al., 
1960). 

Energy utilized in respiration by the Cirolana 
imposita population during 1976-77 was estimated 
using Sameoto's (1971) method. The densities of each 
l-mm size class were taken from the data of Shafir and 
Field (in press). Oxygen consumed by all isopods in 
each size class in a given sample was calculated by 
converting length into mg ash-free dry weight (W), 
using the appropriate equation (Table 5). Monthly 
density data (Shafir and Field, in press) were used to 
calculate the total volume of oxygen respired by the 
population d-l, and converted to annual energy loss 
using the oxycalorific conversion of 20.18 J (m1 0, 
respired)-' (Hughes, 1970). 

RESULTS AND DISCUSSION 

The mean calorific value for Cirolana imposita 
(14.68 kJ g-' D. W.; 20.27 kJ g-' AFDW) incorporates 
all the seasonal physiological, sexual and size varia- 
tions presented by Shafir (1978) and summarized in 
Table 1. This value is used in various energy-flow 
calculations. 

The length/weight regression equations every sec- 
ond month were tested against one another (t-test, 
Simpson et al., 1960). Regression coefficients for 
February, May, August and October 1977 did not differ 
at the 5 % level and were therefore combined to give 
the following curve: 

L = 0.016 (I' = 0.94, n = 149) 

where L = body length in mm; W = body weight in 
mg AFDW. Regression coefficients for December 1976 
and December 1977 did not differ at the 5 % level and 
their combined curve reads: 

L = 0.004 W3 j 5  (3 = 0.96, n = 131) 

The regression coefficients of the two combined curves 
differ significantly at the 5 % level. 

Table 1. Cirolana imposita and SylIis spp. Calorific values and ash content. SD: Standard deviation; AFDW: ash-free dry weight 

- P P 

Species No. of observations % Ash 

( 1 )  Cirolana imposita 
a Mean of whole population 35 27.23 
b Eggs and larvae 5 2.27 
c Faeces 2 18.05 

(2) Syllis spp. 7 22.50 

Calorific values (W g-l) 

Dry weight SD AFDW SD 

14.62 1.67 20.27 2.70 
26.46 0.98 27.08 0.95 
9.96 0.36 12.26 0.30 

18.34 5.09 24.04 1.09 
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Wet-, dry-, and ash-free dry weight regressions for 
the syllid polychaete food source yielded the following 
relationships: 

DW (mg) = 0.578 WW + 0.00011 
(r  = 0.99, n = 50) 

AFDW (mg) = 0.520 WW + 0.00017 
(r = 0.99, n = 46) 

Reduction and Standing Crop 

Allen curves of the five cohorts identified are shown 
in Figure 2. The dependence of the rate of production 
on the rate of body growth is demonstrated by annual- 
production and standing-crop estimates for each cohort 
presented in Table 2. Cohort C consisted of large 
(slow-growing) isopods. This is well reflected in its low 
production rate and large standing-crop values. Cohort 
B had a big proportion of isopods in the fast-growing 
phase (5-7 mm in body length), thus high production is 
recorded. Most isopods in Cohort D were slow-growing 
juveniles (2-5 mm) and as a result production is low. 
Finally, Cohort A consisted of isopods which span 
almost the full size-range of the population, thus its 
production rate reflects all growth phases. 

The amount of reproductive material produced 
annually (Pr) is estimated to be 338 kJ m-2 y-l, thus Pg 
= P- Pr = 2229-338 = 1891 kJ m-2 y-l. 

The relatively high percentage of productive energy 
channelled into reproduction (16.95 %) is strongly sup- 
ported by the fact that ovigerous females were present 
in samples throughout the year (Shafir and Field, in 
press). The energy contribution of exoskeletons is con- 
sidered to be unimportant, and the isopods have been 
observed eating exuvia readily and regularly thus 
recycling a very small component of energy flow. 

Shafir and Field (in press) have shown that the 
Cirolana imposita population produced 2 cohorts y-'. 
This is reflected in the standing crop variation in 
Figure 3. Standing crop showed three peaks and three 
troughs over the 18-month sampling period. Declin- 
ing standing crop was caused by high juvenile mortal- 
ity rates coupled with slow growth in the larger cohorts 
present (Shafir and Field, in press). The second and 

2 4 6 B 10 12 
mean weight (mg AFDW) 

Fig. 2. Allen curves for cohorts A-E derived from density and 
growth data of Shafir and Field (in press); June 1976 (Month 
1) - December 1977 (Month 18); numbers indicate sampling 

months 

third declines were augmented by elimination of the 
oldest cohort in each case. Increases in standing crop 
occurred from November 1976-January 1977 (southern 
summer) and May-July 1977 (early winter), due in 
both cases to periods of rapid growth of 6-month old 
cohorts which dominated the population. 

The fluctuation pattern repeated itself during the 
sampling period, but standing crops in 1977 were 
slightly lower than corresponding values in 1976. 
Nevertheless, over the short sampling period the popu- 

Table 2. Cirolana imposita. Production and standing crop estimates calculated from Allen curves for the period between June 
1976 and May 1977 

Cohort Mean standing crop Annual production (kJ m" y-') 
(g  m-2) (kJ m-') 

A 2.37 47.84 571.83 
B 5.41 109.34 810.45 
C 10.14 204.86 508.36 
D 1.60 32.27 338.40 

- - 
Population B = 19.52 B = 394.31 P = 2229.03 kJ y' 
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lation appeared to be remarkably stable. The mean 
standing crop for the year June 1976-June 1977 was 
394.3 kJ m-', giving a P/Z ratio of 5.56. This high 
turnover rate corresponds to fast growth rates recorded 
for this population by Shafir and Field (in press) and is 
at the top end of the range of P/B ratios reviewed by 
Warwick (in press), being particularly high for a popu- 
lation with a life span of 2 years, although the females 
do not live as long (Shafir and Field, in press). 

Consumption and Egestion 

Cirolana imposita, like many predatory arthropods, 

J J A S O N D J  F M ~ M J  J A S O N O  maintains a feeding-defaecation cycle which is typical 
of discontinuous periodic feeders (Klekowski and Dun- 

Fig. 3. Cirolana imposita. Fluctuations of mean standing crop can, 1975), with variable times of retention and consid- 
of the population over a period of 18 months erable mixing of food in the gut (Shafir, 1978). Faeces 

4-6mm 
0-7-9 mm 
1-10- 12mm 

4 8 12 16 20 24 28 32 36 40 44 48 
time (days) 

Fig. 4. Cirolana imposita. Food consumption (mg AFDW ind.-' d-') in the laboratory. Juveniles (4-6 mm length), adults (7-9 mm; 
10-12 mm), and ovigerous females (8-10 mm) are distinguished 

Table 3. Cirolana imposita. Mean intake and egestion of food 1ndividual24 h. All data expressed as mg AFDW ind. 24 h-'; n = 
number of observations 

Mean food 
uptake per Mean daily 

Body length feeding Mean daily faeces 
(mm) n occasion S.D. food uptake S.D. production S.D. n 

- 
3- 6 35 2.23 1.26 0.16 0.11 0.032 0.03 35 
6- 8 29 6.13 4.31 0.33 0.35 0.046 0.03 40 
9-10 33 8.66 6.85 0.39 0.37 0.046 0.03 50 

11-12 38 22.93 8.44 0.79 0.63 0.098 0.06 45 
Ovigerous females 

(8- 9) 25 7.26 1.49 0.07 0.12 0.05 0.03 25 
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4 8 12 16 20 24 28 32 36 40 
time (days) 

Fig. 5. Cirolana jmposita. Faeces production (mg AFDW ind.-' d-l) in the laboratory. Juveniles (0 3-5 mm), adults (- 6-10 mm; 
11-12 mm); ovigerous females (0 8-9 mm) 

production at  any one moment may originate from 
quite different feeding periods and one feeding inter- 
val may contribute to faeces egested at different times. 

Figure 4 shows daily food consumption by Cirolana 
imposita in experiments lasting 50 d.  It suggests a 
marked feeding periodicity, diffenng in the various 
size groups of the population. Food was consumed 
discontinuously with a period of 1-2 weeks between 
two successive feeding intervals for specimens of 7-12 
mm in body length. Juveniles fed more frequently but 
less regularly, whereas ovigerous females fed only 
twice during the course of the experiment with a time 
interval of 41 d between the two feeding occasions. 
When fed, ovigerous females consumed about half the 
quantity consumed by other adults of the same size 
(Fig. 4).  Consumption is proportional to isopod size. 
The mean food intake per individual in 24 h is sum- 
marized in Table 3. The large standard deviations are a 
direct result of the long time intervals between feeding 
bouts recorded in the experiments (Fig. 4). The daily 
feeding rate per individual as a function of animal 
weight (mg AFDW) is expressed in two power curves: 

December-January: C = 0.21 WOS0 (? = 0.90, n = 20) 
February-November: C = 0.16 (? = 0.90, n = 20) 

Results of the feeding experiments are likely to lead 
to overestimates of natural feeding rates for three 
reasons: (1) the isopods were first starved in order to 
estimate egestion rates; (2) prey were probably more 

conspicuous in the experimental containers than in 
nature; (3) loss of prey body fluid upon capture was not 
accounted for. Nevertheless, only the third factor is 
likely to seriously affect the assimilation efficiency 
calculations. 

Figure 5 shows the amount of faeces produced in 
egestion experiments lasting 40 d. The amount of 
faeces produced was proportional to body size, exclud- 
ing ovigerous females which produced considerably 
smaller quantities. The time of complete clearance of 
the gut (tcJ lasted 28 and 40 d for specimens of 3-5 mm 
and 6-10 mm, respectively. On termination of the 
experiments, ovigerous females and isopods of 10-12 
mm showed a considerable drop in faeces production 
(Fig. 5), but the exact t,, values could not b e  measured. 
The mean rate of faeces production is presented in 
Table 3. The daily rates of faeces production per indi- 
vidual (F) as a function of body weight (W in mg 
AFDW) is expressed by two equations: 

December-January: F = 0.014 (2 = 0.92, n = 62) 

February-November: 
F = 0.012 (2 = 0.92, n = 62) 

The egestion rate is a minimal estimate because only 
solid faeces were recovered, thus the amount of dissol- 
ved material leaching out was not accounted for. 

Population estimates of energy ingested and egested 
were obtained using the above rate/weight equations 
applied to density and size-frequency data (sum- 
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marized in Shafir and Field, in press) and the calorific 
consumption and egestion rates for each month were 
expressed as kJ m-? 24 h-'. These values were multi- 
plied by the number of days in each month and sum- 
med to give estimates of annual consumption, 9899 kJ 
m-2 y-', and annual egestion, 977 kJ m-* y-'. 

Assimilation and Growth Efficiencies 

Assimilation efficiency is linearly related to body 
length: 

A = 0.54 L + 92.34 (r = 0.98, n = 40) 
where: A = % assimilation efficiency calculated 
gravimetrically; L = body length in mm. 

The highest efficiencies recorded were those of 
ovigerous females (97.9 %), while females assimilated 
food slightly more efficiently than males - 94.2 % and 
91.4 %, respectively, for isopods 6-10 mm long. Ignor- 
ing differences due to sex and body size, the mean 
value obtained was 96.6 % (+- 1.63 % S. D.) compared 
with a mean of 92.9 % (+- 1.25 %) obtained by the 
Conover ratio. 

Hubbell et al. (1965) have shown that gut clearance 
time is inversely related to feeding rate, thus a fast 
feeding rate forces food through the gut rapidly and 
assimilation efficiency is reduced. Table 3 shows a 
similar phenomenon in Cirolana imposita. Ovigerous 
females, handicapped morphologically by their brood 
pouches, consume little food and as a result food is 
retained in the gut for long periods and assimilation 
efficiency is the highest in the population. 

The weight-specific feeding, egestion and assimila- 
tion equations for Cirolana imposita show that largest 
individuals consume and defaecate most per unit mass, 
yet assimilation efficiency is highest. This contradicts 
the general trend of decreasing assimilation efficiency 
with increasing body weight (Tsikhon-Lukanina and 
Lukasteva 1970; Johnson, 1976; Greenwood, in press) 
but is not contrary to the pattern described by Hubbell 
et al. (1965). However, in C. irnposita assimilation 
efficiency increases with size over only a narrow range 
(89-98 %) in comparison with other carnivorous 

invertebrates: 50-70 % (Paine, 1965), 32-75 % (Ivleva, 
1970), and with other isopods: 53-78 % (Hubbell et al., 
1965), 51-86 % (Soldatova et al., 1969) and 26-46 % 

(Prus, 1971). 
The assimilation efficiencies reported here are high 

but not exceptional for isopods (Hayes, 1974; Clarke, 
1979) or for predatory invertebrates (Paine, 1965; 
Welch, 1968; Kozlovsky, 1968; Johnson, 1976). The 
mechanism whereby Cirolana imposita achieves high 
efficiency appears to be the elasticity of the hind gut. 
This enables them to fill their entire posterior body 
cavities in a short period of feeding, and then retain the 
food for periods of many days (Figs. 4, 5), allowing 
efficient digestion and assimilation. Kozlovsky (1968) 
concluded that assimilation rates of terrestrial and 
freshwater invertebrates are more efficient at progres- 
sively higher trophic levels. C. imposita fits this pat- 
tern, being at least a secondary carnivore since it feeds 
mainly on syllid polychaetes which are themselves 
carnivorous (J. H. Day, pers. comm.). Ivleva (1970) 
reports other carnivorous marine Crustacea with 
assimilation efficiencies mostly exceeding 90 % and 
some reaching 99 %. 

Table 4 summarizes laboratory growth efficiency 
experiments and shows gross efficiencies within the 
range reported for aquatic consumers by Welch (1968). 
With the exception of ovigerous females, Kl decreases 
with increasing size following the regression: 

K, = - 1.97 L + 35.95 (r = 0.94, n = 40) 

Thus small animals grow efficiently, agreeing with the 
fast juvenile growth reported in Shafir and Field (in 
press). Ovigerous females grow very little, but the 
small amount of food consumed by gravid females is 
channelled very efficiently into growth (Table 4). 

Respiration 

Figure 6 shows the mean oxygen consumption per 
individual (VO,), averaged over the whole size range, 
at different times of year. It is apparent that respiratory 
activity was not affected by the length of the experi- 
ments, since peaks are similar at the start and end of 

Table 4.  Cirolana imposita. Average gross growth efficiencies of laboratory individuals belonging to various size classes. P: 
growth; C: ingestion 

Body length (mm) n Time (months) P (J  mg-l) C (J mg-') (P/C) X 100 

4- 6 24 3 171.7 677.0 25.36 
7- 9 18 3 265.7 1172.0 22.67 
7-1 0 24 3 477.0 2495.0 18.83 
9-1 2 22 3 489.0 3380.0 14.46 

Ov~gerous females 
8- 9 10 3 90.0 348.0 25.80 
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time (h) 

Fig. 6. Cirolana imposita. Mean oxygen consumption (p1 0, ind:' h-') of all experimental isopods at ambient temperature during 
5 times of year, showing diurnal variation 

l -  February 1977 10.4 % 
2-.Oct.-Nov. 1977 11.2 % 
3 - 0  August 1977 13.3 'C 
4 - a  May 1977 12.9 % - 5 - A  December 1976 15.0 % 

7 2007 

weight (rng AFDW) 

Fig. 7. Cirolana imposita. Oxygen consumption (pl oo, ind.-' 
d-l) vs body size (mg AFDW); logarithmic scales. See Table 6 

for equations 

the experimental periods. Maximal ('active') rates 
are restricted to a brief period in the mornings 
(08:OO-10:OO) in a clear pattern. Smaller diurnal fluctu- 
ations represent 'routine' and 'standard' rates (0-5 p1 
0, ind.-I h-l) with an arbitrary division between the 
two. Nocturnal rates (24:0044:00) show the lowest 

VO, values and can be defined as 'standard rate' in the 
activity pattern. 

Figure 7 relates total daily oxygen consumption per 
individual to body weight at different seasons. The 
regression equations are given in Table 5. The slopes 
of Seasons 3, 4 and 5 do not differ at the 5 % level ( t  
tests; Simpson et al., 1960), nor do those of Seasons 1 
and 2. The slopes of these two groups of curves differ 
significantly from each other at the 5 % level, but the 
intercept values for all 5 lines are not significantly 
different. The slope values are lower than the value 
applicable to aquatic Crustacea at 15 OC, but approach 
the value (b = 0.67) given by Wolvekamp and Water- 
man (1960) for Crustacea. Despite the fundamental 
relationship between metabolism and body size, there 
are many instances in which, for a particular species, 
the relationship may not apply (Newel1 and Pye, 1971). 
Table 5 indicates that the slopes show a trend with 
temperature and, despite the lack of statistically sig- 
nificant differences, the intercepts more than double 
from 10 " to l5  "C. 

Figure 8 relates the oxygen consumption of a stan- 
dard individual (derived from Fig. 7) to ambient tem- 
perature at different seasons. Oxygen uptake doubles 

Table 5. Cirolana imposita. Respiration regressions for population at different times of year. Equations have the form log V02 
(NO2 ind. d-l) = log a + b log W (mg AFDW) 

Season Date Temperature ("C) a b 12 n 

1 10.02.77 10.4 12.10 0.67 0.97 15 
2 24.10.77 11.2 13.07 0.66 0.95 11 
3 10.08.77 13.3 22.37 0.49 0.89 11 
4 10.05.77 12.9 30.64 0.46 0.94 13 
5 25.12.77 15.0 39.03 0.45 0.84 12 

1 + 2  Pooled 10.4-11.2 12.58 0.66 0.95 28 
3, 4, 5 Pooled 12.9-15.0 31.60 0.48 0.89 34 
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i o  1; i 2  (; l'd k 16 

temperature 'C 

Fig. 8. Cirolana imposita. Weight-specific oxygen consump- 
tion (p1 o2 5 mg-' d-') as a function of ambient temperature. 

VO, = - 50.19 + 8.26 T ("C), r = 0.92 

in the range 10.4 "-15.0 "C (Qlo = 4.5). Newel1 (1979) 
has shown that oxygen consumption of many active 
poikilotherms is more temperature dependent than 
that of the same animals in a quiescent state. Thus the 
very limited periods of activity in Cirolana imposita 
(Fig. 6) reduce to a minimum the extra energy expendi- 
ture due to elevated temperatures. Moreover, the 
limited temperature range at the study site (Velimirov 
et al., 1977) ensures that excessive energy expenditure 
is not incurred. 

The unusually low metabolic rates recorded for 
Cirolana imposita are well supported by field observa- 
tions. As a carnivore living in the restricted space and 
shelter of kelp holdfasts, C. imposita is able to main- 
tain low levels of activity. This agrees with Wol- 
vekamp and Waterman (1960) who state that benthic 
Crustacea spend most of their time in an inactive state 
interrupted by short periods of considerable activity 
when catching prey or avoiding predators. In contrast, 
the highest metabolic rates in Crustacea occur in small 
nearly continuously active forms like planktonic cope- 
pods. In C. imposita the annual energy loss due to 
population respiration is estimated to be 1822 kJ m-2 
y-' 

CONCLUSIONS 

Estimates of the partitioning of annual energy trans- 
fer through the Cirolana imposita population at 
Oudekraal can be summarized in the balanced energy 
equation for the period June 1976-May 1977: Con- 
sumption (C) = Growth Production (Pg) + Reproduc- 
tive Production + Respiration (R) and Faeces (F) + 
Dissolved Losses (U) 

9899 = 1891 + 338 + 1822 + 977 + U (kJ m-' y-l). 

In spite of feeding being one of the most direct 
processes linking trophic components in an ecosystem, 
estimates of consumption are the least developed of 

energy-transfer measurements. This is due to practical 
difficulties in both qualitative and quantitative studies 
of 'who eats whom' (Klekowskl and Duncan, 1975). 
This study is no exception and field estimates of both 
consumption and egestion were not possible. Some 
workers have side stepped the problem by indirectly 
calculating consumption as the amount of food 
required to produce assimilation calculated as (P  + R)/ 
C (Sameoto, 1972; Johnson, 1976). This approach pre- 
cludes independent comparison of the various energy 
budget components (Hughes, 1970; Hargrave, 197 1 ; 
Paine, 1971). In spite of the error involved in 
extrapolating ingestion and egestion rates from 
laboratory experiments to the natural population 
(Sameoto, 1976), we agree with Klekowski and Duncan 
(1975) that the laboratory approach is justified when 
direct field measurements are not possible. 

We have greater confidence in our estimates of pro- 
duction (since field and laboratory results agreed) and 
respiration rates, which appeared to follow a natural 
pattern in the respirometer (Fig. 6 ) ,  although slightly 
lowered rates due to the absence of food cannot be 
ruled out. The imbalance in the energy budget can be 
attributed to three likely sources: overestimation of 
consumption, underestimation of egestion and the 
release of dissolved organic matter by secretion, excre- 
tion or from faeces or food during feeding. These last 
two possibilities would affect the estimates of egestion 
and consumption rates respectively. The lowest 
assimilation efficiency recorded for a marine carnivore 
is 74 % (Sameoto, 1972). If this ratio is applied to 
increase the egestion estimate of the present budget, 
the gain of 1620 kJ y-' would account for only 33 % 
of the discrepancy recorded. Urinary excretion in 
aquatic Crustacea is usually in the form of ammonia, 
and is thus likely to represent minimal energetic loss. 
It therefore seems probable that at least some of the 
imbalance has been caused by overestimation of con- 
sumptlon in feeding expenments. 

Table 6 compares ecological efficiencies calculated 
for laboratory and energy budget estimates, showing 
good agreement. The net growth efficiency (K2) of 55 
% is higher than average for marine carnivores which 
range from 20-60 % (Shushkina et al., 1968) or 20-90 
% (Welch, 1968) and K2 is generally negatively corre- 
lated with assimilation efficiency (Welch, 1968). 
Cirolana imposita has hlgh K2 and assimilation 
efficiencies, explicable in terms of its avoidance of 
respiratory losses by maintaining a low level of 
metabolism coupled with abundant prey. The log P : 
log R ratio of 1.03 is at the high end of the range 
reported in McNeill and Lawton (1970). Of 53 animals 
they report only 8 (7 insects, 1 decapod) with log PAog 
R greater than unity. All are poikilotherms with a 
lifespan of 2 years or less and resting stages with low 
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Table 6. Cirolana imposita. Ecological efficiencies calculated for population from experimental and energy budget data 

Ratios Range of experimental estimate Energy budget estimate 

P X  100 Gross growth efficiency, K, = - 
C 

15-26 % 23 % 

P X 100 Net growth efficiency, K, = - 
P +  R 55 % 

Assimilation efficiency, A = - P + R X 100 
C 

88-98 % 90 % 

Consumption (C)  estimated experimentally in both cases; independent experiments used for the two sets of estimates 

metabolic costs. C, imposita fits into this category, 
reflecting the short lifespan, fast growth, and low level 
of activity found. The annual turnover rate of the C. 
imposita population is high (P/B = 5.56) reflecting the 
fast growth rates and small standing crop. A related 
species, C. harfordi, has a P/B ratio of 2.38 (Johnson, 
1976). 

Compared with other populations studied in the 
same system (Table ?), Cirolana imposita is seen to 
have higher growth and assimilation efficiencies in 

potential predators, the productivity of C. imposita is 
2229 kJ m-, y-' in rocky areas of the study site, or 1583 
kJ m-' y-' averaged over the whole 'offshore area' at 
Oudekraal. This is about 5 times the estimated produc- 
tion of Jasus lalandii (Field et al., 197?), the dominant 
carnivore in the system. Thus in terms of energy con- 
tribution a small inconspicuous carnivore with a fast 
turnover rate and high efficiencies of energy utiliza- 
tion appears to play a major role in the ecosystem. 

addition to a higher P/R ratio and faster turnover times. 
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Table 7. Comparison of energy utilization by different invertebrate populations in western Cape kelp beds. B: mean annual 
standing crop (kJ m-') in habitat; P: mean production in habitat (kJ m-2 y-l); K,: gross growth efficiency; K,: net growth 
efficiency; A: assimilation efficiency; R: annual population respiration (kJ m-= y-l); C :  annual population consumption 

(kJ m-' y-l) 

(1) (2) (3) (4 
Measurement/Ratio Parechin us Ligia dilatata Aulacornya ater Jasus lalandii C~rolana 

angulosus (intertidal (suspension (scavenger- imposita 
(herbivore) detritus-feeder) feeder) carnivore) (carnivore) 

B 164.9 27.7 13390 1010 394 

P P  
1708 69.2 15139 (400) ' ' 2229 

K, = - X 100 5 % 0.8 % ( I 1  70). - 
C 15-26 % 

K2 = - P X100 23 % 17 % (61 % ) '  55 % 
P + R  

A = - P +  R X 100 69-73 % 5 % (18 % ) '  - 
C 

88-98 % 

log P/log R 0.35 0.81 1.26 1.03 
P/B 1.04 2.50 1.13 (0.4)' ' 5.56 

(1) Greenwood ( ~ n  press) 
(2) Koop (1979) 
(3) Griffiths and I n g  (1979); ' estimate based on feeding experiments with Dunaliella 
(4) Field et al. (1977); " estimated, final data not yet available 
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